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IMPROVED POWER AMPLIFIER CONFIGURATION 
RELATED APPLICATION 

The application is a continuation in part of US Patent 
Application 10/179,636 filed June 25, 2002. 

5 FIELD OF THE INVENTION 

The present invention relates to a method and apparatus for 
power amplification and a system incorporating the same. 
The invention is particularly, but not exclusively, 
intended for use in a wireless communications base station. 

10 BACKGROUND TO THE INVENTION 

Known wireless communications systems require provision of 
a high power signal for transmission in order to ensure 
reception over a suitably wide area. This is achieved by 
amplifying the data signal to be transmitted, typically at 

15 a wireless base station itself, and feeding the resulting 
amplified signal to the antenna array for wireless 
transmission. The high amplification levels required for 
such applications can lead to non-linear distortion of the 
data signal, which is undesirable. It is therefore highly 

20 desirable to use high-performance, linear power amplifier 
architectures in such applications. 

A problem with known linear Power Amplifier (PA) technology 
is that a static back-off, proportional to the signal 
statistics (Complementary Cumulative Distribution Function 
25 (CCDF) ) , is required to obtain linearity in the system. 

This back-off decreases the maximum obtainable efficiency 
of the system and drives mechanical, thermal, and overhead 
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powering costs for wireless transmit architectures. Known 
techniques yield PA efficiencies in the order of 10-12% for 
high power designs for signals with high peak- to-mean 
ratios such as Code Division Multiple Access (CDMA) and 
5 Wideband CDMA (W-CDMA) . It is therefore desirable to 

improve the efficiency of power amplifiers so as to reduce 
operating costs. 

Known solutions include Envelope Elimination and Recovery 
(EER) but such solutions have limited performance due to 
cross modulation induced by varying the DC voltage applied 
to the device output. EER cannot be easily incorporated in 
a wideband architecture since the cross modulation 
ultimately limits the system linearity and hence limits the 
ability to meet current standards requirements. Significant 
memory components are added to the signal envelope at wide 
bandwidths thus creating an inherently non- linear system. 

Power amplifiers today account for a high proportion of 
wireless Basestation Transmitter System (BTS) costs. In 
addition, infrastructure support for the power amplifiers 
20 (in terms of mechanical, cooling, and DC powering), 

combined with the basic power amplifiers costs, total a 
majority of BTS costs. It is therefore desirable to 
identify means whereby to reduce installation and/or 
operating costs of such systems. 

25 SUMMARY OF THE INVENTION 

According to one broad aspect, the invention provides a 
power amplifier arrangement comprising: a power amplifier 
for receiving an input signal and amplifying said input 
signal to form an output signal, the power amplifier having 
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an output capacitance which varies; a power supply for 
supplying a power supply voltage to the power amplifier 
which is modulated proportionally with respect to changes 
in the input signal; a variable capacitor having a variable 
5 capacitance which in combination with the output 

capacitance results in an adjusted output capacitance, 
wherein the variable capacitor is controlled so that the 
adjusted output capacitance is substantially constant. 

Some embodiments further comprise a signal processing unit 
10 for receiving said input signal and for providing a first 
control signal to the power supply, said signal processing 
unit forming said first control signal responsive to said 
input signal; wherein the power supply modulates the power 
supply voltage in response to the first control signal so 
15 as to vary said power supply voltage proportionally with 
respect to changes in the input signal. 

In some embodiments, a signal processing unit is adapted to 
generate a second control signal to the variable capacitor 
which controls the variable capacitance of the variable 
20 capacitor for the purpose of maintaining the adjusted 
output capacitance to be substantially constant. 

In some embodiments, an input signal to the power amplifier 
is time delayed to allow the power supply voltage to be 
modulated in time with amplification of the input signal by 

25 the power amplifier; and the second control signal is time 
delayed, synchronous with the input signal to the power 
amplifier, to allow the substantially constant adjusted 
output capacitance to be provided even while the output 
capacitance of the power amplifier is changing due to a 

30 change in operating power supplied to the power amplifier 
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caused by modulation of the power amplifier power supply by 
the input signal. 

In some embodiments, the variable capacitor is located at 
an output stage of the power amplifier. 

5 In some embodiments, an impedance matching network is 

connected at the output of the power amplifier to provide 
impedance matching to an output impedance of the power 
amplifier. 

In some embodiments, the adjusted output capacitance is a 
10 function of the output capacitance, as well as a function 
of a capacitance of the variable capacitor, such that the 
adjusted output capacitance = f (output capacitance, 
capacitance of the variable capacitor) , and wherein the 
capacitance of the variable capacitor is controlled such 
15 that the adjusted output capacitance is substantially 
constant . 

Some embodiments further comprise a predistortion module 
for providing a predistorted version of the input signal to 
the power amplifier, said predistortion module receiving 
20 from the signal processing unit predistortion coefficients 
for distorting said input signal, said predistortion 
coefficients being formed by said signal processing unit 
responsive to said input signal. 

In some embodiments, the signal processing unit receives a 
25 feedback signal from at least one of the power amplifier 

and the power supply and wherein said first control signal 
formed by the signal processing unit is formed using at 
least one of the input signal, a power supply feedback 
signal and a power amplifier feedback signal. 
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In some embodiments, the variable capacitor is a high 
power, high Q-f actor device. 

In some embodiments, the variable capacitor is a voltage 
controlled device . 

5 In some embodiments, the voltage controlled device is a 
micro-electromechanical system (MEMS) device. 

In some embodiments, the variable capacitor is a current 
controlled device. 

In some embodiments, the current controlled device is a 
10 micro-electromechanical system (MEMS) device. 

Some embodiments further comprise a digital-to-analog 
converter, a low pass filter and an operational amplifier, 
wherein the signal processing unit is adapted to generate 
the second control signal based on a lookup table means and 

15 supply the second control signal to the variable capacitor, 
via serial succession of the digital-to-analog converter, 
the low pass filter and the operational amplifier placed 
between the signal processing unit and the variable 
capacitor, which controls the variable capacitance of the 

20 variable capacitor so that the adjusted output capacitance 
is substantially constant. 

In some embodiments the variable capacitor is a micro- 
electromechanical system (MEMS) device comprised of a 
flexible top plate, a fixed bottom plate, and at least one 
25 support post to support the flexible top plate. 

According to another broad aspect, the invention provides a 
method of operating a power amplifier arrangement, 
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comprising the steps of: providing an input signal to a 
power amplifier, the power amplifier amplifying the input 
signal to form an output signal, the power amplifier having 
an output capacitance which varies; providing a power 
5 supply voltage to the amplifier to enable the power 

amplifier to amplify the input signal; modulating the power 
supply voltage to the power amplifier in response to a 
first control signal received by the power supply from a 
signal processing unit, said signal processing unit forming 

10 said first control signal responsive to the input signal, 

wherein the power supply modulates the power supply voltage 
so as to vary said power supply voltage proportionally with 
respect to changes in the input signal; providing a second 
control signal from the signal processing unit to a 

15 variable capacitor having a variable capacitance which in 
combination with the output capacitance results in an 
adjusted output capacitance, said signal processing unit 
adapted to generate the second control signal which 
controls the variable capacitance of the variable capacitor 

20 so that the adjusted output capacitance is substantially 
constant; and time delaying inputting of the input signal 
to the power amplifier in order to allow the power supply 
voltage to be modulated in time with amplification of the 
input signal by the power amplifier. 

25 In some embodiments, the method further comprises the step 
of time delaying inputting the second control signal, 
synchronous with the input signal to the power amplifier, 
to the variable capacitor so that the variable capacitance 
of the variable capacitor is controlled for the purpose of 

30 maintaining the adjusted output capacitance to be 
substantially constant. 



In some embodiments, the method further comprises the step 
of predistorting the input signal so as to provide the 
power amplifier with a predistorted version of the input 
signal for amplification. 

In some embodiments, the input signal is predistorted by a 
predistortion module which receives predistortion 
coefficients generated by the signal processing unit, said 
predistortion coefficients being generated by the signal 
processing unit responsive to the input signal. 

In some embodiments, the method further comprises providing 
to the signal processing unit a feedback signal from at 
least one of the power amplifier and the power supply and 
wherein the first control signal is formed by the signal 
processing unit utilizing at least one of the input signal, 
a power supply feedback signal and a power amplifier 
feedback signal. 

In some embodiments, the variable capacitor is a voltage 
controlled device . 

In some embodiments, the variable capacitor is a current 
controlled device. 

In some embodiments, the variable capacitor is a micro- 
electromechanical system (MEMS) device. 

According to another broad aspect, the invention provides a 
wireless communications base station transmitter including 
a power amplifier arrangement. 
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According to another broad aspect, the invention provides a 
communications network including a power amplifier 
arrangement . 

According to another broad aspect, the invention provides a 
5 method of amplifying an input signal using a power 
amplifier having a power supply input, the method 
comprising the steps of: receiving the input signal; 
amplifying the input signal using the power amplifier to 
provide an output signal, the power amplifier having an 

10 output capacitance which varies; modulating the power 

supply input to the power amplifier in accordance with a 
first control signal responsive to said input signal, 
wherein the method includes the step of time delaying 
inputting of the input signal to the power amplifier to 

15 allow the power supply input to be modulated in time with 
amplification of the input signal by the power amplifier; 
and providing a second control signal to a variable 
capacitor having a variable capacitance which in 
combination with the output capacitance results in an 

20 adjusted output capacitance, wherein the second control 
signal controls the variable capacitance of the variable 
capacitor so that the adjusted output capacitance is 
substantially constant . 

In some embodiments, the method further comprises the step 
25 of time delaying inputting the second control signal, 

synchronous with the input signal to the power amplifier, 
to the variable capacitor so that the variable capacitance 
of the variable capacitor is controlled for the purpose of 
maintaining the adjusted output capacitance to be 
30 substantially constant. 
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In some embodiments, the variable capacitor is a voltage 
controlled device. 

In some embodiments, the variable capacitor is a current 
controlled device. 

5 In some embodiments, the variable capacitor is a micro- 
electromechanical system (MEMS) device. 

According to another broad aspect, the invention provides a 
program for a computer for controlling a power amplifier 
arrangement comprising a power amplifier, a power supply, 

10 and a signal processing unit, the program comprising code 

to carry out the steps of: providing an input signal to the 
power amplifier, the power amplifier amplifying the input 
signal to form an output signal, the power amplifier having 
an output capacitance which varies; providing a power 

15 supply voltage to the power amplifier to enable the power 
amplifier to amplify the input signal; modulating the power 
supply voltage to the power amplifier in response to a 
first control signal received by the power supply from a 
signal processing unit, said signal processing unit forming 

20 said control signal responsive to the input signal, wherein 
the power supply modulates the power supply voltage so as 
to vary said power supply voltage proportionally with 
respect to changes in the input signal; providing a second 
control signal from the signal processing unit to a 

25 variable capacitor having a variable capacitance which in 
combination with the output capacitance results in an 
adjusted output capacitance, said signal processing unit 
adapted to generate the second control signal which 
controls the variable capacitance of the variable capacitor 

30 so that the adjusted output capacitance is substantially 
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constant; and time delaying inputting of the input signal 
to the power amplifier in order to allow the power supply- 
voltage to be modulated in time with amplification of the 
input signal by the power amplifier. 

5 In some embodiments, the program further comprises code to 
carry out the step of time delaying inputting the second 
control signal, synchronous with the input signal to the 
power amplifier, to the variable capacitor so that the 
variable capacitance of the variable capacitor is 
10 controlled for the purpose of maintaining the adjusted 
output capacitance to be substantially constant. 

According to another broad aspect, the invention provides a 
method of providing a signal transmission service over a 
communications network including a power amplifier 
1 5 arrangement . 

BRIEF DESCRIPTION OF THE DRAWINGS 

Preferred embodiments of the invention will now be 
described with reference to the attached drawings in which: 

Figure 1 is a schematic of a power amplifier arrangement 
20 provided by an embodiment of the present invention; 

Figure 2 is a graph of an example of modulation of a power 
supply in accordance with an embodiment of the present 
invention; 

Figure 3 is an example graph illustrating improved 
25 amplifier efficiency in accordance with an embodiment of 
the present inventions; 
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Figure 4 is a flowchart of a power amplification method 
provided by an embodiment of the present invention; 



Figure 5 is a system diagram of an example data 
transmission service offered over a communications network 
5 utilizing a power amplifier arrangement provided by an 
embodiment of the present invention; 

Figure 6 is a schematic of an equivalent circuit model of a 
power amplifier used in an embodiment of the power 
amplifier module of Figure 1; 

10 Figure 7A is a schematic of an equivalent circuit model of 
the power amplifier shown in Figure 6 equipped with a fixed 
matching network and a variable capacitor provided by an 
embodiment of the invention; 

Figure 7B is a schematic of a transistor implementation of 
15 the power amplifier shown in Figure 6 equipped with a fixed 
matching network and a variable capacitor provided by an 
embodiment of the invention; 

Figure 8 is a graph illustrating power transistor 
efficiency as a function of power supply voltage achievable 
20 with an example implementation of an embodiment of the 
present invention; 

Figure 9 is a side view of a MEMS device for use as a 
variable capacitor in the embodiment of the matching 
networks shown in Figures 7A and 7B; and 

25 Figure 10 is a schematic of an embodiment of a complete 
impedance matching solution within the power amplifier 
arrangement of Figure 1 . 
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DETAILED DESCRIPTION OF INVENTION 

Referring to Figure 1, there is shown a power amplifier 
arrangement having a predistortion module 10, a power 
amplifier module 12, an error detection and digital signal 
5 processing unit 14, and a modulated power supply 16. In 
this arrangement an envelope signal path 9 is arranged to 
provide the envelope signal both to the predistortion 
module 10 and the error detection and digital signal 
processing unit 14, the error detection and digital signal 

10 processing unit being arranged to provide 17 the 

predistortion coefficients to the predistortion module. 
The predistortion module provides 11 a predistorted version 
of the envelope signal to the power amplifier module 12, 
which in turn provides 13 an amplified version of the 

15 predistorted signal. The modulated power supply 16 

provides 19 a power input to the power amplifier module 12, 
responsive to inputs 15a received from the error detection 
and digital signal processing unit 14. The error detection 
and digital signal processing unit 14 receives feedback 

20 both from 15b the modulated power supply and from 13 the 
output from the power amplifier module. 

The arrangement provides active DC power supply modulation 
in power amplifier arrangement whereby to improve and 
optimise the power amplifier efficiency in high dynamic 

25 range signals including, but not limited to, CDMA and W- 
CDMA. The error detection and digital signal processing 
unit 14 detects the input waveform 9 which may then be used 
15a to control the modulated power supply 16 in such a way 
as to allow the power amplifier module 12 to operate very 

30 close to its compression point at all times during the 



envelope: that is, to operate the device effectively at the 
maximum available power for a given supply voltage- When 
operating within the linear region of the amplifier, gain 
is substantially uniform. As the input signal is 
increased in power, a point is reached where the input 
signal is not amplified by the same amount as lower power 
input signals. This point is known as the compression 
point. Operation very close to the compression point 
facilitates operation of the power amplifier module at its 
highest efficiency point. 

The power supply output voltage is modulated in such a 
manner as to reduce the output voltage proportional to the 
reduction in the envelope voltage in order to operate the 
RF power devices at a point very near maximum compressed 
power over the entire envelope range. 

The predistortion module 10 is arranged to compensate for 
Amplitude Modulation / Amplitude Modulation (AM/AM) and 
Amplitude Modulation / Phase Modulation (AM/PM) conversion 
distortion, created as a result of application of the DC 
bias modulation to the power amplifier module as well as 
inherent device nonlinearities , so as to provide a 
substantially linear amplification characteristic over the 
operating range of the arrangement. The scheme differs from 
the classic envelope illumination and recovery (EER) 
techniques at least in that it allows the composite 
waveform to propagate through the entire system, thus 
allowing effective predistortion of the envelope signal and 
yielding a linear composite output from the power 
amplifier. Additionally it compensates for memory produced 
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in the system as a result of imperfections in the tracking 
of the power supply to the signal envelope. 

The signal input waveform is sampled by sample block 21. 
The sample is then processed to determine the exact value 
of DC voltage to apply to the output devices in the 
modulated power supply 16 for the required waveform power 
level. Simultaneous to this process, the waveform sample 
is used to determine the optimum pre-distortion 
coefficients 17 to apply to the waveform to ensure the 
system linearity. 

The input wave is time delayed to allow for proper 
processing and envelope alignment of the pre-distortion 
coefficients and proper timing of the DC power supply 
modulation on the waveform. 

Separately, in an offline process, the output waveform is 
sampled and compared to the clean input waveform to 
actively adapt both the pre-distortion and DC modulation 
coefficients to optimise the system efficiency and 
linearity. 

Referring to Figure 1 of the drawings, a primary and 
secondary path will be discussed. The primary path is the 
path taken by an input signal which is received at the main 
input, passes through the predistort ion module 10 and is 
applied to the power amplifier 12. The secondary path is 
the signal processing path following a route in the lower 
part of Figure 1 . 

In the primary path an input signal to the system is 
delayed, by delay unit 20, before it reaches the 
predistortion module 10. The delay can be achieved in 
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various ways. To avoid signal processing, the signal can 
be passed through a large coil of coaxial cable of an 
appropriate length. Alternatively, standard signal 
processing techniques can be used to sample and delay the 
5 signal by holding and shifting the sampled signal through a 
memory device. The delay unit 2 0 provides a delay, which 
is at least as long as that which will be incurred by 
signal processing in the secondary path. 

In the secondary path an input signal is sampled 21 to 
10 derive the magnitude of the signal envelope and delayed 22 
(if necessary) before being processed 3 0 to derive suitable 
predistortion coefficients 17 for applying to the 
predistortion module 10. One manner in which the 
coefficients are selected is by referring to a look up 
15 table 28 stored within error detection and signal 

processing unit 14 . In another embodiment the coefficients 
are generated with the use of an algorithm 2 8 that 
calculates the predistortion coefficients. It is these 
steps of sampling and processing the signal, as well as 
20 analogue circuit constraints, which incur a delay in the 
secondary path. 

The delay 22 is a variable delay which can be implemented 
by standard digital memory techniques. The value of delay 
22 is chosen so that the input signal travelling along the 

25 primary path arrives at the predistortion module 10 at 
exactly the same time as the appropriate predistortion 
coefficients 17 are applied to the module 10. In other 
words, predistortion coefficients 17, which have been based 
on a particular part of the sampled input signal, are 

30 applied at the same time as that part of the input signal 
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(on which the coefficients are based) arrives at the 
predistortion module 10. In this way, the predistortion 
module 10 applies the correct amount of distortion to the 
correct part of the input signal and the resulting output 
5 of the power amplifier is made as linear as possible. The 
predistortion module 10 can correct amplitude (gain) and 
phase of the input signal . 

Similarly, time delaying the input signal on the primary 
path results in the power supply voltage being modulated in 

10 time with the input signal, passing along the primary path, 
arriving at the power amplifier 12. This can be explained 
in another way. Processing unit 3 0 determines an 
appropriate value for the power supply modulation control 
signal 15a based on sampled values of part of an input 

15 signal 9. Delaying the input signal ensures that the 

control signal 15a modulates the power supply 16 at the 
same time as that part of the input signal (on which the 
control signal 15a is based) arrives at the power amplifier 
12. Thus, at any point in time, the voltage applied by 

20 power supply 16 is matched to the input signal passing 
through the amplifier. 

As shown in Figure 1, the feedback signal 15b from the 
power supply 16 and the feedback signal from the output are 
also sampled and time delayed at inputs to the error 
25 detection and digital signal processing unit 14, blocks 23, 
24 and 25, 2 6 to ensure that the feedback signals can be 
properly compared to the input signal. 

Preferably, the power amplifier transfer characteristic is 
dependent on power supply unit (PSU) supply voltage, which 



is being modulated, and the input envelope modulation. A 
preferred power amplifier transfer characteristic is: 

Gain = f (envelope voltage, PSU voltage) 

Phase = f (envelope voltage, PSU voltage) 

Efficiency = f(P sat , Pout); P S at = f (envelope voltage) 

where P sat is defined as the saturation power of a 
transistor used in the power amplifier. 

Referring now to Figure 2, there is shown a graphical 
representation of the respective voltages over time of: 

• an output signal envelope 40; 

• a conventional amplifier which holds power supply 
voltage (V dd ) constant 41 at a level sufficient to 
amplify the peaks 42 in the data signal envelope; and 

• the dynamically modulated power supply voltage (V dd ) 
envelope 43 arranged to follow the data signal 
envelope 4 0 . 

As the graph shows, modulation of the power supply voltage 
to track the signal envelope significantly reduces 
amplifier power wastage, as represented by the difference 
in power between the dynamically modulated power supply 
voltage 43 and the conventional constant voltage 41. For 
example, studies have shown that for an unmodulated power 
supply having an average efficiency of approximately 13%, a 
corresponding efficiency of 27.5% can be achieved using 
supply voltage modulation of the power supply unit 
according to the present technique. 
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Referring now to Figure 3, there is shown a graphical 
representation of the relationship between average power 
efficiency and RMS output power of a PA arrangement for a 
four channel W-CDMA system. The graph shows a first plot 

51 of efficiency for a conventional amplifier arrangement 
having a static power supply voltage, V dd/ and a second plot 

52 showing a corresponding efficiency for a similar 
arrangement but in which the power supply voltage is 
dynamically modulated to follow the signal envelope. As 
the graph shows, efficiency degrades gracefully over the 
power control range as the linearizer overhead starts 54 to 
dominate, but significant benefit 53 can still be obtained 
even at reduced powers . 

Referring now to Figure 4, the method comprises the steps 
of: receiving 60 an envelope signal; predistorting 62 the 
envelope signal to provide a predistorted input to the 
power amplifier compensating for non-linearities introduced 
elsewhere in the arrangement; amplifying 64 the 
predistorted envelope signal to produce an amplified 
envelope signal; and modulating 66 the power supply to the 
power amplifier. The modulation is performed responsive to 
at least one of the envelope signal 9, the envelope 
feedback signal 13, and the power supply feedback signal 
15b. 

Referring now to Figure 5, the power amplifier provides an 
improved quality of service for data transmission services 
provided over a network 36 utilizing such power amplifier 
arrangements 35. In the example illustrated the PA 
arrangement is provided in a wireless base station 34. 
Such services may be provided between commercial 31a-b or 



19 

private 32a-b service providers, and commercial 33a-b or 
private 34a-b subscribers. As is well understood in the 
art, a single entity may act either as provider or consumer 
or both in respect of any such service or services. 

5 In another embodiment, in order to further improve the 
performance of the above described embodiments in the 
context of a fixed matching network, a variable capacitor 
is used to stabilize a drain-source capacitance which 
exists at the output of an amplifier stage. This embodiment 
10 will now be described with reference to Figures 6 to 9 . 

Figure 6 illustrates a model of an output stage of a power 
amplifier 70 of a type, that might for example, be used in 
an embodiment of the PA Module 12 shown in Figure 1. Figure 
6 shows an equivalent electrical circuit model for the 

15 embodiment of the output stage of the power amplifier used 
in the PA module 12. A power supply voltage V ds 72 is a 
drain to source voltage supplied to the power amplifier, 
which is supplied by the Modulated Power Supply 16 of 
Figure 1. There are three equivalent circuit values to 

20 represent the resistance, capacitance and inductance of the 
circuit. These values are an equivalent resistance Ra s 74, 
an equivalent capacitance C ds 76 and an equivalent 
inductance Ld 78. Output power generated by the power 
amplifier is represented by P ou t 79. Rds 74 and Cds 76 are 

25 shown connected in parallel between ground and a node which 
connects to one side of an element representing L d 78. The 
power supply voltage V ds 72 is supplied at a node that 
connects to the other side of the element representing L d 78 
and the location representing where the power output 79 is 

30 determined. 



In the model, the equivalent resistance R dg 74 is a function 
of the power supply voltage V dg 72. This results in the 
equivalent resistance R ds 74 also being a function of the 
input signal envelope due to the manner in which the power 
supply voltage V dg 72 is modulated as a function of the 
input signal envelope. Equation 1 shows a relationship 
between the output power P out , the power supply voltage V dg 
72 and the equivalent resistance R dg 74. 

V 2 

ZK ds 

If the equivalent resistance R ds 74 can be kept constant, in 
the absence of C ds 76, it becomes simple to provide proper 
impedance matching between an output of the power amplifier 
and a system connected to the power amplifier. By varying 
the power supply voltage V ds 72 as a function of both output 
power P out and input signal envelope, the equivalent 
resistance R dg 74 is maintained as a constant. A fixed 
matching network is then used at the output of the power 
amplifier, which results in a higher efficiency for a 
system containing the power amplifier. 

The equivalent capacitance C dg 76 shown in Figure 6 is a 
function of the power supply voltage V ds 72. Unfortunately 
the equivalent capacitance C ds 76 is not a function of the 
output power P out , as is the case with the equivalent 
resistance R dg . This creates a mismatch between the output 
of the power amplifier and the fixed matching network when 
V ds 72 is modulated as a function of the input signal 
envelope and the output power P out . The mismatch causes a 
loss in power and therefore lowers efficiency in the system 
containing the power amplifier. Due to the functional 
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relationships between the input envelope signal, the power 
supply voltage V ds 72, the equivalent resistance Rd S 74 and 
the equivalent capacitance C ds 76 as described above there 
is only a small range of values of the input envelope 
5 signal where the system efficiency attains a maximum value. 
Elsewhere around this small optimal range the efficiency of 
the system decreases. 

Figure 7A and Figure 7B illustrate an embodiment of a 
solution to the situation of an impedance mismatch between 

10 an output stage of a power amplifier and a fixed matching 
network. Figure 7A uses the equivalent electrical circuit 
model of the power amplifier 80 as described and shown in 
Figure 6. In addition to the equivalent electrical circuit 
model of the power amplifier 80 the figure includes a 

15 variable capacitor C 82 and associated controlling 

mechanism that controls the variable capacitor C 82 as a 
function of the input signal envelope. Also shown is a 
fixed matched network 84 connected at the output of the 
amplifier. Figure 7B shows a transistor implementation of 

20 the power amplifier 80 as well as includes the variable 

capacitor C 82 and associated controlling mechanism that 
controls the variable capacitor C 82 as a function of the 
input signal envelope. The fixed matching network 84 is 
shown attached at the output of the amplifier in the same 

25 manner as Figure 7A. The transistor implementation of the 

power amplifier 80 shows the power supply voltage V d3 72 and 
a representative transistor 86. 

Inserting the tuneable capacitor C 82 at the output stage 
of the power amplifier 80 used in conjunction with the 
30 fixed matching network 84, allows a higher efficiency to be 



maintained for the system containing the power amplifier. 
The fixed matching network 84 matches the equivalent 
resistance of the power amplifier R dg 74 while the variable 
capacitor C 82 is used to counteract the variation in the 
5 equivalent capacitance of the power amplifier C ds 76 as the 
power supply voltage V ds 72 is modulated. The combination of 
the variable capacitor C 82 and the equivalent capacitance 
Cds 76 provide a substantially constant capacitance that is 
observed at the output of the arrangement, thereby allowing 
10 a fixed matching network to be effective. 

Figure 8 shows a plot of power transistor efficiency versus 
an applied power supply voltage V dd , with and without active 
compensation. Information from three different cases is 
detailed in the graph, an efficiency model without active 

15 compensation 140, a measured efficiency without active 
compensation 142, and an efficiency model with active 
compensation 144. The efficiency model without active 
compensation 140 and the measured efficiency without active 
compensation 142 both show that efficiency varies between 

20 approximately 3 8% and 57% with the applied power supply 

voltage range shown in the figure. In these two cases the 
maximum efficiency of approximately 57% only exists for a 
narrow range of the applied power supply voltage. The 
efficiency model with active compensation 144 however, is 

25 constant at approximately 57% for all values of the applied 
power supply voltage shown in the figure. 

In some embodiments as described above, the equivalent 
capacitance C ds is a function of the power supply voltage V ds 
so that fl = C ds (V ds ). The variable capacitance C is related 
30 to the modulated power supply voltage V ds through a second 
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function, such that f2 = C (V ds ) . In some embodiments, such 
as the illustrated embodiment of Figure 7A where the 
variable capacitor is connected at the output of the power 
amplifier, the variable capacitor C is located in the 
5 network so that the overall capacitance is the product of 
functions fl and f2, resulting in an overall capacitance, 
C(C ds/ C) = fl * f2, where fl = C ds (V ds ) and f2 = C (V ds ) . 
Therefore, the function required to control C , such that 
the overall capacitance is substantially constant is the 
10 inverse of the function that determines C ds , which is f2 = 
fl-1. Different functional relationships may exist for 
other configurations. 

Preferably, a high power, high Q factor device is employed 
for implementing a variable capacitance for use in this 
15 application. This is because: 

1) When using very high voltage and high power systems any 
circuit losses bring down the efficiency of the system. 

2) In terms of speed or slew rate the variable capacitance 
is preferably capable of being modulated at 10-20 MHz for a 

20 10-20 MHz bandwidth system and appropriately scaled for 
other system bandwidths . 

In some embodiments the variable capacitor is a voltage 
controlled device and in other embodiments the variable 
capacitor is a current controlled device. 

25 In a preferred embodiment a micro-mechanical system (MEMS) 
device is proposed for use as the variable capacitor. MEMS 
devices have been developed over the last several years 
that are capable of being manufactured with a high Q 
factor. Figure 9 shows an embodiment of a representative 
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MEMS device that consists of a parallel -plate capacitor 
110. The parallel-plate capacitor consists of a top plate 
112, a single support post 116, and a fixed bottom plate 
118. The top plate 112 is supported by the single support 
5 post 116 creating a cantilever structure. The top plate 112 
is positioned over the fixed bottom plate 118, which is 
located on a substrate 122 . The distance between the top 
plate 112 and the fixed bottom plate 118 is initially 
determined by the height of the support post 116. 

10 The top plate 112 acts as a first electrode of the 

parallel-plate capacitor whereas the bottom plate 118 acts 
as a second electrode. Assuming that the fixed bottom plate 
118 is electrically grounded, upon application of a 
positive voltage V ctr i 124 supplied via the top plate 112, an 

15 attractive electrostatic force is generated between the top 
plate 112 and the fixed bottom plate 118. The attractive 
electrostatic force overcomes the stiffness of the top 
plate 112, causing it to bend toward the fixed bottom 
plate. The distance d 126 between the top plate 112 and the 

20 fixed bottom plate 118 is determined when the electrostatic 
force and spring force are at equilibrium. This is depicted 
as the broken line version of the top plate 112 in Figure 
9. The change in distance between the top plate 112 and the 
fixed bottom plate 118 results in a change in a capacitance 

25 C var 128 that exists between the top plate 112 and the fixed 
bottom plate 118. The resulting distance 126 between the 
top plate 112 and the fixed bottom plate 118 is inversely 
proportional to V ctrl 124 and since the capacitance C var 128 
is inversely proportional to the distance d 126, the 

30 capacitance C var 12 8 will be directly proportional to V ctr i 

124. The same principle applies to changing the capacitance 
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128 by using a negative voltage V ctr i 124, supplied via the 
top plate 112 acting as the first electrode to created a 
repellent electrostatic force between the top plate 112 and 
the fixed bottom plate 118 acting as the second electrode. 
5 I this case the distance between the top plate 112 and the 
fixed bottom plate 118 increases the distance d 126. 

In some embodiments of the variable capacitor MEMS device 
the top plate is only supported by one support post as a 
cantilever structure and in other embodiments there are 
10 multiple support posts supporting the top plate in multiple 
locations . 

In some embodiments the variable capacitor MEMS device is a 
voltage controlled device and in other embodiments the 
variable capacitor MEMS device is a current controlled 
15 device. 

In some embodiments the variable capacitor MEMS device can 
be manufactured by any of the conventional micro-machining 
MEMS fabrication means available using materials such as 
silicon, polysilicon, and aluminium. 

20 Persons skilled in the art will appreciate that there are 
yet more alternative implementations and modifications 
possible to the above described embodiments of the MEMS 
variable capacitor, and that the above are only an 
illustration of the possible embodiments of the invention. 

25 Figure 10 shows an embodiment of how the addition of a 

variable capacitor 98 would fit within the example system 
as originally described and shown in Figure 1. The figure 
shows the same system from Figure 1 with the addition of a 
digital-to-analog (D/A) converter 90, a low pass filter 92, 



and an operational amplifier (op-amp) 94 within the Error 
Detection and Signal Processing Unit 14. Also included, as 
an addition to the figure is a control signal line 102 that 
is used to control the variable capacitor 98 within the PA 
Module 12. The PA module 12 is also shown in an expanded 
view, which denotes the variable capacitor 98, a power 
amplifier 96 and a fixed matching network 100. 

As described above in relation to Figure 1, the Error 
Detection and Digital Signal Processing Unit 14 contains 
the block for Error Detection and Digital Signal Processing 
30. The D/A converter 90 is connected directly to the Error 
Detection and Digital Signal Processing block 30. In series 
with the D/A converter 90 is the low pass filter 92 and the 
operational amplifier 94. These three components are 
located within the Error Detection and Digital Signal 
Processing Unit 14. The control signal line 102 connects 
the operational amplifier 94 within the Error Detection and 
Digital Signal Processing Unit 14 to the variable capacitor 
98 within the PA Module 12. The variable capacitor 98, the 
power amplifier 96 and the fixed matching network 100 
within the PA Module 12 are connected in a manner similar 
manner to that shown in Figure 7A and 7B. The power 
amplifier 96 within the PA module 12 is connected to the 
output of the Predistortion Module 10. The variable 
capacitor 98 is located between the output of the power 
amplifier 96 and ground. The fixed matching network 100 is 
located at the output of the power amplifier 96. 

The Error Detection and Digital Signal Processing block 3 0 
is responsible for initially generating a proper form of a 
signal to drive the variable capacitor 98. Once the initial 
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signal is generated it passes through the D/A converter 90, 
the low pass filter 92, and the operational amplifier 94. 
This conditioned form of the signal, now travelling on the 
control signal line 102, is supplied to modulate the 
5 capacitance of the variable capacitor 98. The control 
signal 102 is time delayed to arrive at the variable 
capacitor 98 at the same time as both the Predistorted 
Signal 11 arrives at the input to the PA module 12 and the 
power input V d (t-t p ) 19 to the PA module 12 arrives at the 
10 PA module 12 . This is to ensure that the change in the 

capacitance of the variable capacitor 98 is synchronized 
with the change in the equivalent capacitance of the power 
amplifier 96, so as to result in a desired active 
compensation effect. 

15 The manner used to determine the proper capacitance value 
to compensate for the change in the capacitance of the 
power amplifier is initially determined within the Error 
Detection and Digital Signal Processing block 30 by a 
suitable method such as being chosen from a look up table 

20 where the appropriate values are pre-programmed. This could 
be implemented by expanding Look Up Table 2 8 or with 
another separate look up table, currently not shown in 
Figure 10. 

The processing of signals through the amplifier arrangement 
25 of Figure 8 operates similarly to that described for Figure 

I above. The operation of the additional components for use 
with this embodiment is as follows: the Predistorted Signal 

II output from the Predistort ion Module 10 is input to the 
power amplifier 96 in the PA Module 12, the Predistorted 

30 Signal 11 is amplified by the power amplifier 96 and the 
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combination of the variable capacitor 98 (modulated by the 
associated control signal line 102 from the Error Detection 
and Digital Signal Processing block 30) and fixed matching 
network 100 are able to maintain the efficiency of the 
system. Finally, the fixed matching network 100 provides 
the output of the PA Module 12 denoted as V Q t) 13. 

Any range or device value given herein may be extended or 
altered without losing the effect sought, as will be 
apparent to the skilled person for an understanding of the 
teachings herein. 

Numerous modifications and variations of the present 
invention are possible in light of the above teachings. It 
is therefore to be understood that within the scope of the 
appended claims, the invention may be practised otherwise 
than as specifically described herein. 



